Lineage-committed differentiation is an essential biological program during odontogenesis, which is tightly regulated by lineage-specific genes. Some of these genes are modified by colocalization of H3K4me3 and H3K27me3 marks at promoter regions in progenitors. These modifications, named "bivalent domains," maintain genes in a poised state and then resolve for later activation or repression during differentiation. Wnt5a has been reported to promote odontogenic differentiation in dental mesenchyme. However, relatively little is known about the epigenetic modulations on Wnt5a activation during tooth development. Here, we investigated the spatiotemporal patterns of H3K4me3 and H3K27me3 marks in developing mouse molars. Associated H3K4me3 methylases (mixed-lineage leukemia [MLL] complex) and H3K27me3 demethylases (JMJD3 and UTX) were dynamically expressed between early and late bell stage of human tooth germs and in cultured human dental papilla cells (hDPCs) during odontogenic induction. Poised WNT5A gene was marked by bivalent domains containing repressive marks (H3K27me3) and active marks (H3K4me3) on promoters. The bivalent domains tended to resolve during inducted differentiation, with removal of the H3K27me3 mark in a JMJD3-dependent manner. When JMJD3 was knocked down in cultured hDPCs, odontogenic differentiation was suppressed. The depletion of JMJD3 epigenetically repressed WNT5A activation by increased H3K27me3 marks. In addition, JMJD3 could physically interact with ASH2L, a component of the MLL complex, to form a coactivator complex, cooperatively modulating H3K4me3 marks on WNT5A promoters. Overall, our study reveals that transcription activities of WNT5A were epigenetically regulated by the negotiated balance between H3K27me3 and H3K4me3 marks and tightly mediated by JMJD3 and MLL coactivator complex, ultimately modulating odontogenic commitment during dental mesenchymal cell differentiation.
Introduction
During development, a dynamic gene expression profile allows precise cell fate determination in multipotent stem cells. Cytodifferentiation toward a committed end-point lineage is precisely controlled by gene transcription programs overseen under multilayer mechanisms, which drives activation of genes involved in the target lineage and repression of genes in nontarget lineages. During lineage commitment, modulation of chromatin conformation is widely accepted to be an important mechanism on the epigenetic layer (Miller et al. 2008; Zhou et al. 2015) . Histone modifications, such as acetylation, methylation, and phosphorylation, construct "chromatin state maps" and modulate chromatin conformations as a transcription signature on chromatin levels (Mikkelsen et al. 2007 ). It is now generally known that H3 lysine 4 trimethylation (H3K4me3) positively regulates transcription by recruiting nucleosome remodeling enzymes, whereas H3 lysine 27 trimethylation (H3K27me3) negatively regulates transcription by promoting a compact chromatin structure.
It is greatly intriguing to find an unexpectedly high frequency of colocalization of these "activating" (H3K4me3) and "repressive" (H3K27me3) modifications at promoter regions in embryonic stem cells (Bernstein et al. 2006; Pan et al. 2007) and multipotent stem cells (Mikkelsen et al. 2007; Mohn et al. 2008; Cui et al. 2009 ). These marks, called "bivalent domains," are proposed to maintain genes in a "poised" state with differentiation potentials. Under certain stimuli, gene transcription was initiated by resolution of bivalent marks, resulting in activation or repression of genes. The comarked genes are mainly associated with developmental events and identified as a set of 728910J DRXXX10.1177/0022034517728910Journal of Dental ResearchBivalent Histone Codes on WNT5A during Odontogenic Differentiation research-article2017 lineage-determinant transcriptional factors by gene ontology (GO) analysis (Pan et al. 2007 ). The dynamically regulated H3K4me3/H3K27me3 marks are catalyzed by histone methylases (KMTs) and demethylases (KDMs) in a cell-specific manner (Dou et al. 2006; Cloos et al. 2008) . It is believed that the group of bivalent marked genes is widely established in multipotent cells, and the negotiated balance between H3K4me3 and H3K27me3 marks is tightly regulated, thereby modulating the lineage commitment and terminal cytodifferentiation.
Tooth development relies on reciprocal interactions between dental epithelium and mesenchyme. The epithelial and mesenchymal cell lineages acquire odontogenic competence and differentiate into committed cells depositing hard tissues, such as enamel, dentin, and cementum, respectively. During dentinogenesis, functional odontoblasts derive from the competent mesenchyme in dental papilla, where the multipotential stem cells reside (Yamazaki et al. 2007; Chung et al. 2009; Wu et al. 2016 ). Wnt5a, a member of the Wnt ligands family, has been reported to be involved in the regulation of odontogenic differentiation . Wnt5a was strongly expressed in murine and human dental papilla and differentiating odontoblast layers in the bell stage Suomalainen and Thesleff 2010; Cai et al. 2011) . Mice deficient in Wnt5a exhibited retarded tooth development with delayed odontoblast differentiation starting at the bell stage (Lin et al. 2011) . Therefore, Wnt5a is suggested as a lineagespecific gene in the regulation of dental mesenchymal cell differentiation.
Despite the defined role of Wnt5a in odontogenic differentiation, little is known about the epigenetic modulations on gene transcriptions during tooth development. Previously, we characterized the spatiotemporal expression of histone modifications and related transferases in mouse developing molars, suggesting the predictable role of bivalent histone modifications on dental epithelium and mesenchyme differentiations (Zheng et al. 2014 ). In addition, some histone demethylases are reported to epigenetically regulate odontogenic differentiation in somatic dental mesenchymal stem cells (dental MSCs) isolated from periodontal ligament, dental pulp, and apical papilla (Du et al. 2013; Xu et al. 2013; Liu et al. 2015) . Little is known about the bivalent domains (H3K4me3/H3K27me3 marks) on lineage-specific genes and the underlying epigenetic mechanisms during cytodifferentiation in the tooth germ.
In this study, we investigated the bivalent histone modifications on WNT5A promoters in cultured human dental papilla cells (hDPCs) from the early bell stage. The underlying mechanisms mediated by H3K27me3 demethylase and H3K4me3 methylase during cytodifferentiation were also investigated. 
Materials and Methods

Ethics Statement
Sample Collection and Immunofluorescence
Adult BALB/c mice were purchased from Dashuo Company. The embryos were obtained from time-mated pregnant mice at different time points (E15.5, E17.5, and P3), with the day of observation of a vaginal plug considered embryonic day (E) 0.5. The mice heads were dissected and fixed in 4% paraformaldehyde. After decalcification, the samples were processed and embedded in paraffin. Four-micrometer-thick sections were cut using a microtome (model HM 340E; Microm). The primary antibodies H3K4me3 (1:4,000) and H3K27me3 (1:600; Cell Signaling Technology) were incubated overnight at 4°C and detected with anti-rabbit immunoglobulin G fluorescein isothiocyanate (IgG FITC) conjugated (1:400; Santa Cruz Biotechnology) for 1 h at 37°C. DAPI was counterstained.
Cell Culture and Viral Infection
hDPCs were collected and cultured as described previously (Wan et al. 2012 ). Short hairpin RNAs (shRNAs) with target gene Jmjd3 were constructed into plasmids with standard methods. The plasmids were subcloned into the GV248 lentiviral vector with AgeI and EcoRI restriction sites (GENECHEM). The target sequences for shRNA were JMJD 3sh1, 5′-GGC GACAGAAGGAGCATCA-3′; JMJD3sh2, 5′-GCAGGAAT GCCAAGGTGAA-3′; and scramble, 5′-TTCTCCGAACGT GTCACGT-3′. For viral infections, hDPCs were infected with lentiviruses in the presence of polybrene (5 µg/mL; SigmaAldrich). After 24 h, infected cells were selected with puromycin for 3 d. Resistant clones were pooled, and knockdown was confirmed by reverse transcription polymerase chain reaction (RT-PCR) and Western blot analysis.
Alkaline Phosphatase and Alizarin Red Staining
Cultured hDPCs were induced in odontogenic media (OM) containing 100 µM/mL ascorbic acid, 2 mM β-glycerophosphate, and 10 nM dexamethasone. For alkaline phosphatase (ALP) staining, cells were fixed with 4% paraformaldehyde and incubated with a solution of 0.25% naphthol AS-BI phosphate and 0.75% fast blue dissolved in 0.1 mol/L Tris buffer (pH 9.3) . To detect mineralized nodules, cells were induced for 7 to 14 d, fixed with 4% paraformaldehyde, and stained with 2% alizarin red (Zou et al. 2013 ).
Real-Time RT-PCR
Total RNAs were isolated from hDPCs using Trizol reagents (Invitrogen). Complementary DNA (cDNA) synthesis was performed using the SuperScript first-strand synthesis system (Life Technology). The messenger RNA (mRNA) levels of genes were subjected to quantitative RT-PCR with PowerSYBR Green PCR master mix and an ABI 7900 system (Applied Biosystems). Relative gene expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the DDC T method.
Chromatin Immunoprecipitation Assays
The assay was performed using a chromatin immunoprecipitation (ChIP) Hisens assay kit (Millipore) according to the manufacturer's protocol. Transfected cells with shRNA were harvested after odontogenic inductions for 7 d. For each ChIP reaction, 2 × 10 6 cells were used. All resulting precipitated DNA samples were quantified by real-time PCR. Antibodies for ChIP assays were purchased as follows: rabbit antiH3K4me3 (9727; CST), rabbit anti-H3K27me3 (9733; CST), rabbit anti-WDR5 (13105; CST), rabbit anti-JMJD3 (ab85392; Abcam), and normal rabbit IgG (2729; CST). The primers around Wnt5a promoters (transcription start site [TSS] ± 2.0 kb) were designed in every 0.2-kb bps intervals for ChIPquantitative PCR (qPCR). Primer information is listed in the Appendix Table. The data are presented as means of the percentage of input DNA. The area under the curve (AUC) was calculated using GraphPad Prism 6.0 software (GraphPad Software). Data were evaluated statistically by 1-way analysis of variance (ANOVA) followed by the Tukey post hoc test.
Coimmunoprecipitation Assay and Western Blot
Cells were lysed in RIPA buffer (50 mM Tris [pH 8], 250 mM NaCl, 0.05% sodium dodecyl sulfate [SDS], 0.5% deoxycholate [DOC], 1% NP-40). The coimmunoprecipitation assay was performed using the immunoprecipitation (IP) kit (Beyotime), and rabbit anti-JMJD3 antibody (ab85392; Abcam) was used for IP. Normal rabbit IgG was used as a negative control. Cell lysates or immunoprecipitated proteins were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels. Antibodies used were α-tubulin (ab7291; Abcam), WNT5A (H-58; Santa Cruz), JMJD3 (3457; Abcam), WDR5 (13105; CST), and ASH2L (ab50699; Abcam). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from ZSGB-BIO.
Results
Histone Modifications during Dental Mesenchymal Cell Differentiation
Consistent with our previous study (Zheng et al. 2014) , we checked the H3K4me3 and H3K27me3 marks in the developing mouse molars through the cap stage (E15.5), early bell stage (E17.5), and late bell stage (P3) by immunofluorescence (Fig.  1A) . The remarkable signals in the tooth germ compared to surrounding tissues suggested active epigenetic events in situ. Immunofluorescence assays showed that histone methylations existed in a spatiotemporal pattern, especially the dynamic global pattern of the H3K27me3 mark with decreased signals in the late bell stage of dental papilla compared to those in the early bell stage.
JMJD3/KDM6B and its homology UTX/KDM6A, as specific demethylases of H3K27me3, directly participated in embryogenesis and organogenesis. We isolated total RNA from early and late bell stages of human tooth germs (5 samples/ group), and transcription level of JMJD3 but not UTX was elevated (Fig. 1B) . We further cultured hDPCs from bell stages of human tooth germs and induced by odontogenic media (OM) for 14 d (Wan et al. 2012 ). The expression of JMJD3 was significantly elevated during odontogenic differentiation (Fig. 1C,  E ), in accordance with the high levels of JMJD3 protein in dental papilla and odontoblast layers in bell stages of mouse molars (Zheng et al. 2014) . In mammalian cells, H3K4 methylation is written by KMTs of the mixed-lineage leukemia (MLL) family, and all these MLLs are active in multimolecular complexes whose core consists of 4 obligatory components: ASH2L, RbBP5, DPY30, and WDR5. Expressions of these 4 subunits were increased upon odontogenic differentiation, most significantly for WDR5 and ASH2L at both mRNA and protein levels ( Fig. 1D, E) .
Bivalent Domains Mark on WNT5A during Cytodifferentiation
Cultured hDPCs were odontogenic compatible and identified by ALP and alizarin red staining ( Fig. 2A, B ). WNT5A expression level was elevated at both mRNA and protein levels (Fig.  2C, D) , suggesting transcription activation of WNT5A in odontogenic-lineage commitment.
To understand histone marks on the WNT5A gene, ChIP assays with H3K4me3 and H3K27me3 antibodies were conducted, and primers were designed for ChIP-qPCR experiments covering WNT5A promoter regions of ±2.0 kb around the TSS. There was a bivalent chromatin configuration (enriched with H3K4me3 and H3K27me3 marks) around the WNT5A promoter in cultured hDPCs before induction, controlled by normal IgG-ChIP groups (Fig. 2E , G, J, and L). Upon odontogenic induction, the level of repressive mark (H3K27me3) was markedly decreased and even rarely detected, covering ±0.8 kb of the TSS (Fig. 2E-I ). The active mark (H3K4me3) was elevated in induced cells, with statistical differences calculated by AUCs (Fig. 2J, K, and M) . Undergoing the terminal differentiation into dentin-forming odontoblasts, H3K27me3 marks were consistently removed (Fig. 2E, F , and I), whereas H3K4me3 marks decreased to levels before induction (Fig. 2J, K, and N) .
The dynamic changes in histone modifications rely on KMT and KDM activities. Consistent with the elevated global expression of JMJD3/KDM6B in tooth germs and under induction in vitro (Fig. 1B, C , and E), the affinity of JMJD3 on WNT5A promoters was increased in accordance with H3K27me3 status (Fig. 3A) . As an essential component of the MLL complex, WDR5 is required to bridge the KMTs' complex with the H3 tail (Dou et al. 2006) . ChIP with WDR5 antibody indicated increased enrichment of WDR5 on WNT5A promoters and then reverted during inducted differentiation (Fig. 3B ).
JMJD3 Promoted Cytodifferentiation by Modulating WNT5A Histone Marks
Previous results indicated a possible role of losing the H3K27me3 mark on WNT5A activation, so the role of JMJD3 in odontogenic-lineage commitment was tested. JMJD3 was knocked down in cultured hDPCs by transducing lentiviruses expressing JMJD3 shRNAs. To rule out off-target effects, 2 vectors targeting different regions of JMJD3 were designed, named JMJD3sh1 and JMJD3sh2. The knockdown efficiency of JMJD3 was confirmed at both mRNA and protein levels (Fig. 4B, C) . Under odontogenic induction, ALP activity was significantly suppressed and mineralized nodule formation was decreased by knocking down JMJD3 (Fig. 4A) . Furthermore, the mRNA levels of bone sialoprotein (BSP), osteopontin (OPN), and osteocalcin (OCN) were significantly suppressed in transfected cells (Fig. 4E-G) . These data indicated that JMJD3 was required for odontogenic differentiation in hDPCs.
The WNT5A transcription elevation was significantly suppressed in transfected cells during induction compared with the control group with the scramble plasmid (Fig. 4D) . To examine whether JMJD3 functioned in the epigenetic regulation of WNT5A transcription, a ChIP assay was conducted to assess that JMJD3 affinity on WNT5A promoters was decreased after odontogenic induction for 7 d (Fig. 4H) . Consistently, the loss of JMJD3 occupancy was mirrored by increased H3K27me3 marks (Fig. 4I) . Therefore, our data suggested that JMJD3 could epigenetically modulate WNT5A transcriptions via resolution of bivalent domains on promoters, thereby promoting differentiation into the odontogenic lineage in dental papilla cells.
Coordinated Gene Activation by JMJD3 and MLL Complexes
As our results show, the loss of the H3K27me3 mark was synchronous with the increased H3K4me3 marks on WNT5A promoters. It was speculated that the integration of the KMTs and KDMs is responsible for placing and removing the methyl groups at K4 and K27. To examine whether JMJD3 depletion influenced the level of H3K4me3 marks on WNT5A promoters, we performed ChIP with H3K4me3 and WDR5 antibodies in complex, WDR5 and ASH2L, were significantly upregulated at messenger RNA levels during odontogenic differentiation in cultured human dental papilla cells. (E) Protein levels of JMJD3, WDR5, and ASH2L were increased during odontogenic differentiation. The data are presented as means ± SD. Statistical significance is indicated: *P < 0.05, **P < 0.01, ***P < 0.001. cells deficient in JMJD3. Results showed that the binding affinity of WDR5 was significantly decreased and the H3K4me3 marks were consistently impaired (Fig. 5A, B) . Thus, it was likely that JMJD3 was required for MLL complexes recruitment to WNT5A promoters, thus regulating the active marks (H3K4me3) upon odontogenetic differentiation.
Our data exhibited the significant overlap of JMJD3 and WDR5 on WNT5A promoters in hDPCs. To test if JMJD3 protein could combine with MLL complexes containing WDR5 and ASH2L in hDPCs, coimmunoprecipitation experiments were conducted with the JMJD3 antibody. The physical binding between JMJD3 and ASH2L was detected and their incorporation in endogenous complexes sustained through 2-wk odontogenic differentiation (Fig. 5C) . However, WDR5 proteins were not immunoblotted (data not shown). Normal IgG antibody was immunoprecipitated as a negative control. This promoters and increased along with odontogenic differentiation for 7 d. The data are presented as means ± SD. Statistical significance is indicated: *P < 0.05, **P < 0.01, ***P < 0.001. Normal IgG-chromatin immunoprecipitation groups were used as controls.
result coincided with previous reports that an epigenetic coactivator complex containing at least the JMJD3 and MLL family could be induced to regulate target gene activation coordinately by modulating bivalent domains.
Overall, in this study, we exhibited the histone modification patterns that regulate WNT5A transcription during cytodifferentiation in human dental papilla cells. WNT5A was bivalently marked (H3K4me3/H3K27me3) in a poised status, and the transcription was initiated by resolved H3K27me3 marks. This was tightly mediated by the JMJD3 and MLL coactivator complex, ultimately modulating cell fate commitment in hDPCs (Fig. 5D) . The epigenetic mechanisms elucidated here significantly advance our understanding of bivalent domain function in regulating lineage-specific transcription factors and underlying developmental processes.
Discussion
Genome-wide ChIP assays have established the histone modification patterns of genes during the terminal differentiation of odontogenic neural crest lineages, shedding light on the crosstalk mechanisms of histone codes associated with transcription activities in cell fate determination during odontogenesis (Gopinathan et al. 2013 ). However, most of these genes probably are not to be individually identified because of global optimization of false-positive and false-negative rates during peak finding or other limitations of the technology (Pan et al. 2007 ). Wnt5a has been documented to be epigenetically regulated during colon cancer development (Jensen et al. 2009; Li and Chen 2012) . The enrichment of histone codes is commonly assayed by PCR at an individual locus on promoters. It is The enrichment of WDR5 on WNT5A promoters was increased after induction and then reverted during terminal differentiation. The data are presented as means ± SD. OM, odontogenic media. Statistical significance is indicated: *P < 0.05, **P < 0.01, ***P < 0.001. Normal IgG-chromatin immunoprecipitation groups were used as controls. worthy to construct "chromatin state maps," which is helpful to expand the modification landscapes and further investigate the underlying crosstalk modulations. Our results first provided the H3K4me3 and H3K27me3 mark profiles on WNT5A promoters during dental mesenchymal cell differentiation. The dynamic resolution of bivalent domains has been demonstrated to correlate to gene transcription activities. Considering the WNT5A expression levels during odontogenesis, it was speculated that the "bivalent domains" (H3K4me3 and H3K27me3) would maintain the gene in a poised state, with a very low expression level, and primed for rapid activation coordinately by the removal of H3K27me3 and the increase of H3K4me3 marks on WNT5A promoters. It is also not excluded that any other epigenetic modifications may associate with bivalent domains to form combinatorial marked chromatin domains (Mikkelsen et al. 2007; Cui et al. 2009; Fan, Zhou, Zhou, Sun, et al. 2015; Guo et al. 2016) . Furthermore, regulation by chromatin states could also involve upstream enhancers, locus of control regions, and transcription factors (Rosenfeld et al. 2006; Rosenbauer and Tenen 2007; Gao and Zheng 2013) .
In multipotent stem cells, most H3K27me3 peaks localize on promoters that are marked with H3K4me3, suggesting that genes with bivalent domains are a rule rather than an exception (Mikkelsen et al. 2007; Mohn et al. 2008; Cui et al. 2009 ). Dental mesenchymal stem cells that reside in dental papilla are consistent with this rule. In addition, bivalent domains may also exist in differentiated cells and have a more complex function in finetuning gene expression (Roh et al. 2006; De Santa et al. 2007) . Genes bearing H3K4me3 could differ in transcriptional activity, according to their H3K27me3 levels. Genes with low transcriptional activity are marked by high H3K27me3, genes with high activity are marked by low H3K27me3, and finally genes with intermediate degrees of activity are marked by intermediate levels of H3K27me3. Therefore, not only the presence or absence of the H3K27me3 mark is relevant, but the ratios of H3K4me3 to H3K27me3 signals also appear to be critical factors associated with transcription activity (Roh et al. 2006; De Santa et al. 2007) .
Histone methylases and demethylases play a key role in various developmental processes (Lv et al. 2016; Zhou et al. 2016) . During differentiation, H3K27 methylation is removed in a tissue-and cell-specific manner, and the demethylases, such as JMJD3 and UTX, are directly involved in embryogenesis and development. During mesoderm differentiation, JMJD3 is essential for normal organ development (Cloos et al. 2008; Burchfield et al. 2015) . JMJD3 can direct MSCs to differentiate preferentially into osteo/odontogenic differentiation. Depletion of JMJD3 can lead to a decrease in osteogenic differentiation and may contribute to the development of osteoporosis . Similarly, odontogenic differentiation in dental MSCs, such as periodontal ligament and dental pulp stem cells, is commonly impaired under the depletion of JMJD3 (Xu et al. 2013; Liu et al. 2015) . In our present study, knockdown of JMJD3 inhibited odontogenic differentiation in hDPCs and disturbed dentin-secreted odontoblast formation during tooth development. Overall, it is supposed that JMJD3 can be an important epigenetic link in odontogenic differentiation toward odontoblasts.
Although it is rarely reported that H3K4 methylases can independently modulate cell fate in dental MSCs, the incorporation between H3K4 methylases and H3K27 demethylases has been discovered to cooperatively regulate histone modification landscapes. JMJD3 is able to physically interact with MLL subunits, WDR5 and ASH2L, promoting Shh-induced gene activation (Shi et al. 2014) . JMJD3 is also incorporated in RbBP5-containing complexes in LPS-treated Raw264.7 macrophages (De Santa et al. 2007 ). As our data show, JMJD3 coimmunoprecipitated with the ASH2L subunit but not the WDR5 protein (data not shown), suggesting that the enzymatic interaction finetunes the epigenetic status of individual target genes in a context-specific manner. Since cooperation between KMTs and KDMs has been discovered as a common feature in the epigenetic regulation of transcription, many important and challenging questions remain to be addressed in the future, such as the identification of enzymes that mediate the recruitment, the stimuli that can modulate their activities, and the negotiated balance upon the resolution of bivalent histone modifications.
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